Critical illness polyneuropathy (CIP) is a recognized cause of muscle weakness and failure of weaning from a ventilator. In order to characterize the features of CIP, we have examined 28 consecutive surgical patients with severe sepsis using bedside electrophysiology. Of the 28 patients (median APACHE II score 31), 20 developed moderate to severe CIP, as shown by the presence of moderate to severe denervation activity on resting EMG. The median nerve compound muscle action potential (CMAP) amplitudes were reduced to 3.24 (SEM 0.48) mV, while sensory nerve action potential (SNAP) amplitudes obtained from the same nerve were normal (13.1 (1.9) V). In approximately 50% of these patients, the reduction in CMAP exceeded 50% of the lower limit of normal. Similar results were obtained from stimulation of the ulnar nerve. We conclude that CIP is a major complication in patients with severe sepsis and prolonged artificial ventilation. It predominantly involves motor fibres and thus markedly interferes with weaning from the ventilator. (Br.
In recent years, an acute and often severe axonal polyneuropathy has been recognized as a complication of sepsis and multiple organ failure. 1 2 Electrodiagnostically, this condition, termed critical illness polyneuropathy (CIP), has been found in up to 70% of patients suffering from sepsis or multiple organ failure. 3 The clinical features include flaccid quadriplegia, hyporeflexia and muscular atrophy. Difficulty in weaning affected patients from the ventilator prolongs stay in the intensive care unit (ICU) and increases morbidity and mortality. Involvement of both sensory and motor nerve fibres has been suggested, 4 5 although clinically the motor syndrome predominates. The purpose of this study was to further characterize the features of CIP using electrophysiology.
Patients and methods
After obtaining institutional Ethics Committee approval and informed consent from each patient's next of kin, we studied 28 surgical patients from our ICU who had evidence of sepsis and required prolonged mechanical ventilation. Seven additional patients with a previous history of neuromuscular disease, diabetes mellitus, uraemia or alcoholic liver disease were excluded. Sepsis was defined according to the criteria of the ACCP/SCCM. 6 All patients underwent neurological examination and electrodiagnostic studies at the bedside using a Dantec Cantata instrument (Dantec Inc., Copenhagen, Denmark). Data were obtained on days 5-7 after the onset of mechanical ventilation, and repeated weekly within the first month and on a 2-week schedule over the next 2 months. Thereafter, a 3-week schedule was used if the patient was still in the ICU.
For sensory measurements, antidromic recordings were made from the median nerve using ring electrodes and from the sural nerve using needle electrodes. For each measurement, 20 responses were averaged. Compound muscle action potentials (CMAP) were recorded with surface electrodes from the abductor pollicis brevis muscle after supramaximal stimulation of the median nerve at the wrist and elbow. Similarly, the ulnar, peroneal and tibial nerves were stimulated, and responses were recorded from the abductor digiti minimi and the abductor hallucis muscles, respectively (table 1) . Amplitudes of the compound action potentials were measured as the maximum peak-to-peak voltage after distal stimulation. Nerve conduction velocity was determined according to standard procedures. 7 At least one proximal and one distal arm muscle were examined by needle electromyography (EMG). Abnormal spontaneous activity, as shown by the presence of fibrillation potentials and positive sharp waves in resting muscles, was graded oh a scale of 0-3, where 0 is normal, 1 mild, 2 moderate and 3 severe. 5 
Results
We studied 28 patients, aged 16-80 yr (table 2) . Median APACHE II score was 31 (range 23-38, 10 survivors). Eighteen of these patients died 7-143 days after admission to the ICU. The 10 survivors were weaned from the ventilator within 9-84 days after initiation of mechanical ventilation.
Of the 28 patients, 20 developed grade 2-3 denervation potentials on resting EMG ( fig. 1 ). Median time to develop grade 2 to 3 denervations was 21 days after admission to the ICU, with the earliest occurrence of grade 1 denervations on day 8 and grade 2 denervations on day 11. In a patient admitted because of sepsis, grade 3 denervations were already present at the initial examination on day 4. Of the eight patients who had no or only few denervation potentials, seven died within the first 2 weeks and the remaining patient died on day 24. On neurography, there were normal or near-normal conduction velocities and distal latencies in all patients (table 3) .
In the 20 patients with grade 2 and 3 denervations, CMAP amplitudes of the median nerve were reduced to 3.24 (SEM 0.48) mV, while sensory nerve action potential (SNAP) amplitudes from this nerve were normal ( fig. 2 ). In 12 of these patients, median nerve CMAP amplitudes were less than 50% of the lower limit of normal, ranging from only 57 V to 1.84 mV, while median nerve SNAP amplitudes were not significantly reduced. An additional five patients with no or only grade 1 denervations also had decreased median nerve CMAP and normal SNAP. These five patients died early during the disease. Similar results were obtained from the ulnar and peroneal nerves, while CMAP from stimulation of the tibial nerve were not significantly reduced. Sural nerve action potentials were normal. Repetitive stimulation studies with short and long runs were found to be normal in all patients. None of the patients had features of demyelination that would indicate a far worse diagnosis. ). Two patients underwent muscle biopsy which revealed neurogenic changes and slight myopathy, preferentially affecting type II fibres. Lumbar puncture was performed in four patients and revealed no abnormalities. Clinically, most patients developed generalized and marked muscular atrophy during their stay in the ICU. On palpation, the musculature gave a peculiar soft and pasty impression. As far as patients could be examined, they were found to have severe flaccid tetraparesis. Sensory testing was impossible because of sedation or encephalopathy in the majority of patients. In most patients, tendon reflexes were decreased but present, even in those with severe CIP.
Discussion
Of the 28 patients in this study, 20 (71%) developed moderate to severe CIP according to the EMG results. On neurography, these 20 patients had abnormal CMAP and normal SNAP from stimulation of the median and ulnar nerves. Similarly, peroneal CMAP were reduced while sural SNAP were normal. This discrepancy between motor and sensory amplitudes was consistent in repeated examinations. In approximately 50% of these patients, the discrepancy was particularly evident. This finding indicates a predominant involvement of motor nerves by CIP and suggests that weaning from the ventilator may not be possible in individual patients with severe CIP. Thus forced weaning manoeuvres may endanger these patients unnecessarily. Bedside electrophysiological studies should aid in early recognition of CIP and monitoring of its course. Such a strategy may allow a rational approach to be adopted when weaning septic patients from the ventilator. The reason why tibial CMAP were not reduced significantly is not known; it is not clear if this indicates a predilection of CIP for specific nerves.
There is some evidence from the literature that CIP affects motor fibres to a greater extent than sensory fibres. In Bolton and colleagues' original series, patients with CIP demonstrated decreased motor amplitudes to 30% of control levels at the nadir of the illness, while sensory amplitudes reached 60% of control levels. 10 In contrast, in patients with Guillain-Barré syndrome, the amplitudes of both fibre types were depressed to equally low levels (25% of control). Coakley and colleagues described a motor axonal syndrome in three patients undergoing mechanical ventilation for obstructive pulmonary disease, two with complete absence of any sensory involvement. 11 In another series, 12 of 27 patients showed normal SNAP but abnormal CMAP amplitudes, 12 and similar findings have been observed by others. 2 13-15 Moreover, several sural nerve biopsies obtained at the time of severe muscle wasting showed no signs of axonal degeneration. 2 14 The selective decrease in CMAP amplitudes raises the question of disturbed neuromuscular transmission, myopathy, lesions to the anterior horn cells and the motor variant of Guillain-Barré syndrome. 16 Prolonged neuromuscular block has been observed in patients treated with high doses of non-depolarizing neuromuscular blocking agents (for review, see Watling and Dasta 17 ). However, in most CIP series, including our study, such agents were administered only infrequently and in low doses. 2 3 11 Moreover, repetitive nerve stimulations in our patients and in others 4 18 provided no evidence of disturbance at the neuromuscular junction.
Different types of myopathy have been described with increasing frequency in ICU patients. In a subgroup, necrosis of myofibres occurs, provisionally termed "necrotizing myopathy of intensive care". [19] [20] [21] Such patients are frequently admitted for acute severe asthma, have markedly increased CK concentrations, are generally non-septic and have received high-dose steroids, non-depolarizing neuromuscular blocking agents, or both. 22 Other ICU patients with acute myopathy do not develop significant increases in serum CK concentrations, and muscle biopsy does not reveal widespread necrosis. 21 23 Such patients may have various types of histopathological abnormalities, including unselective atrophy of both type I and type II fibres, increased intracellular lipid droplets, scattered necrosis and moth-eaten fibres. 18 More specific abnormalities include selective loss of thick (myosin) myofilaments, 23 24 inexcitability of muscle membranes 25 and acute type II muscle fibre atrophy. Only a minority of our patients had increased serum CK concentrations. These increases were slight to moderate despite the fact that many patients had recent trauma, major surgery or soft tissue inflammation. None was admitted because of asthma. Eight of 12 patients with severely reduced CMAP amplitudes had normal CK concentrations, rendering necrotizing myopathy a less likely mechanism. Muscle biopsy performed in two patients in whom myopathy was suspected revealed neurogenic changes accompanied by only slight myopathy. Such unspecific myopathy is frequently present in patients with CIP. 5 Severe cases of CIP should be distinguished from the acute motor axonal variant of Guillain-Barré syndrome, which is an immune-mediated disease most commonly associated with Campylobacter jejuni infections. 27 In contrast, CIP is a non-immune disorder restricted to ICU patients and related closely to severe infection or trauma of virtually any type, including sepsis and the systemic inflammatory response syndrome. 1 28 Unlike in Guillain-Barré syndrome, there is no evidence of inflammation in nerve biopsies. 1 Thus the pathogenesis of the two syndromes and the setting in which they occur is invariably different. To the best of our knowledge, no critically ill patient developing flaccid tetraplegia has yet been diagnosed with the axonal variant of Guillain-Barré syndrome. However, recognizing occasional patients in the ICU with Guillain-Barré syndrome is important because they may respond to plasma exchange and i.v. immunoglobulins. 28 Unfortunately, electrodiagnostic criteria allowing differentiation of motor axonal Guillain-Barré syndrome from CIP have not yet been established, making further investigations (e.g. lumbar puncture and nerve biopsy) necessary.
Other diagnostic considerations include damage to anterior horn cells resulting from acute or chronic spinal cord ischaemia 2 29 30 and acute motor neuropathy associated with administration of nondepolarizing neuromuscular blocking agents. 1 No episodes of severe hypoxia or hypotension occurred in our patients and anterior horn cell changes suggestive of ischaemia probably occurred only preterminally in two autopsy cases. 5 Neuromuscular blocking agents were administered in our patients only infrequently and on an intermittent basis. In none did repetitive nerve stimulations suggest disturbance of neuromuscular transmission. In addition, only the non-steroidal agent atracurium was used.
Until now, the pathophysiological events that cause CIP have remained unclear. Although a variety of potential causes such as types of primary illness or injury, medications (e.g. aminoglycosides and neuromuscular blocking agents) and specific nutritional deficiencies have been considered, retrospective and prospective studies failed to implicate them as causative factors. 1 Bolton has speculated that the mechanisms responsible for the systemic effects of sepsis may also cause axonal degeneration. 1 As a mechanism, he suggested disturbances in the microcirculation of peripheral nerves. However, biopsies from affected patients did not reveal fascicular infarction, microangiopathy, oedema or intravascular thrombus formation. 5 31 Moreover, this concept would not explain the predominance of CIP for motor nerve involvement.
In summary, CIP occurs frequently in septic patients and involves predominantly motor nerve fibres. Affected patients show an unusual combination of normal SNAP amplitudes, markedly decreased CMAP amplitudes and prominent denervation. Bedside electrophysiology may help to diagnose and monitor CIP, thus avoiding futile attempts to wean patients from the ventilator. Recognizing the predilection for motor nerves may be helpful in clarifying the pathogenesis of the disease.
